Seed dispersal is one of the most important steps in the life history of plants (Howe and Miriti 2004; Pan et al. 2016; Zhang et al. 2017) . Seed dispersal can be achieved through autochory or allochory (Vander Wall 1990; Vittoz and Engler 2007; Traveset et al. 2016; Wróbel and Zwolak 2017) , and therefore shows important impacts on gene flow, plant population dynamics, species distributions and community structure (Maron and Crone 2006; Bagchi et al. 2014; Zhang et al. 2016a; Chen et al. 2017) . Animal-mediated seed dispersal appears to be a very common ecological interaction with an increasingly recognized importance (Jordano et al. 2011; Yi et al. 2013; Zhang et al. 2016b; Cao et al. 2017; Gu et al. 2017) . A great number of animals have been found to be effective seed dispersers (Vander Wall 1990; Schupp et al. 2010; Bauer and Hoye 2014) , among which frugivorous mammals and birds represent the majority of seed-dispersing species (Caughlin et al. 2015; Pan et al. 2016; Rother et al. 2016; Li et al. 2017 ).
Consumption of fleshy fruits and subsequent seed dispersal by animals has been regarded as a key process in plant ecology (Blake et al. 2009; Carlo and Morales 2016; Pan et al. 2016; Li et al. 2017) . Fruits containing large seeds are highly dependent on frugivores to disperse their seeds through endozoochory (Vander Wall 1990; Sridhara et al. 2016) . Many fruit-producing plant species are unable to be dispersed far without the D r a f t 4 1990; Tewksbury et al. 2008) , which benefits seed survival, seed dispersal and even seedling recruitment of fruit-producing plants.
Previous evidence shows that approximately 20 percent of all mammalian herbivores act as frugivores and seed dispersers (Vander Wall 1990) . Endozoochory plays an important role in fruit consumption and excretion of viable seeds in fecal samples of frugivores (Levey et al. 2006; Brodie et al. 2009; Noss and Levey 2014) .
Although seed dispersal by frugivorous animals has attracted scientific attention for a long time (Howe and Smallwood 1982; Vander Wall 1990; Traveset and Verdú 2002) , the ecological functions of endozoochory are largely evaluated using large mammals and birds (Westcott and Graham 2000; Jordano et al. 2011; Li et al. 2017) . However, the role of granivorous rodents as endozoochorous dispersers of fleshy-fruited species with tiny seeds has rarely been reported. Existing studies identifying granivorous rodents as potential seed dispersers often focus on the invasive species or weeds in the tropical areas (Bourgeois et al. 2009; Granthoffman and Perrys 2010; Shiels and Drake 2011) .
Although seeds can germinate after passing through digestive tracts of several small introduced mammals (Duron et al. 2017) , more seeds were destroyed and showed low germinability when passing through their digestive tracts. This may be attributed to the typical behavior of mastication and/or relatively long digestive tracts of granivorous rodents. Therefore, it remains an unanswered question whether local granivorous rodents can interact mutually with native fruit-producing plants and then benefit their seed dispersal.
Apodemus peninsulae (Thomas, 1907) and Tamias sibiricus (Laxmann, 1769) are important small granivores in the northeast forests in China and actively participate in D r a f t 5 seed dispersal of many tree species (Yi et al. 2016; Zhang et al. 2016b) . Despite its herbivorous trait, Clethrionomys rufocanus (Sundevall, 1846) also consumes plant seeds (Yi et al. 2015) . Tara vine Actinidia arguta (Sieb. et Zucc.) and A. kolomikta (Rupr. et Maxim.) , widely distributed in the northeast deciduous forests in China, reach 6-10 m high and produce medium-sized green fruits containing tiny seeds (Fig. S1 ). The fleshy fruits of A. argute and A. kolomikta contain succulent pulp that may attract a substantial number of frugivores as effective seed dispersers. However, the green color of ripe fruits is supposed to be systematically avoided by avian frugivores (Duan and Quan 2013; Duan et al. 2014) . Evidence has shown that small seeds can be embedded and then inadvertently swallowed by fruit mashers feeding on fruit pulp (Fleming and Kress 2013; Jordano 2014) . Therefore, small rodents foraging on the ground are expected to act as substitute frugivores participating seed dispersal of A. argute and A. kolomikta. In this study, we tracked fruit removal of A. argute and A. kolomikta and then presented green fruits to small rodents T. sibiricus, A. peninsulae and C. rufocanus. Intact seeds were collected from their feces of after 54 hrs feeding and were checked for germination in the experimental conditions. We aimed to investigate if and how granivorous rodents act as effective frugivores to interact mutually with green fruit-producing A. argute and A. kolomikta. We predicted that granivorous rodents may outweigh avian species and play an alternative role in endozoochory of the two tree species bearing green fleshy fruits.
Materials and methods

Study site
Our experiments were conducted in a broad-leaved Korean pine forest in Heilongjiang Province, northeastern China (47°10'13' '-46°11'26 . Apodemus peninsulae (Muridae) and Tamias sibiricus (Sciuridae) are important food hoarders in the study area (Shen et al. 2012; Zhang et al. 2016a ).
Fruit trait
In September 2016, we collected ripe fruits under several trees of A. argute and A. kolomikta, and stored them in 4 ºC condition until later use. We randomly selected each 20 ripe fruits of A. argute and A. kolomikta to measure their longitudinal length, latitudinal width and fresh mass ( Table S1 ). After that, each fruit was individually dissected to determine its seed number. The average seed number allowed us to estimate seed number in each fruit without destroying it when feeding small rodents (Table S1 ).
Fruit removal in the field
To test if granivorous rodents consumed and dispersed fruits of A. argute and A. kolomikta were released in each of the remaining eight fruit stations. An infrared camera (Ltl-6210A) was set near each fruit station to monitor which animal species visited and consumed the fruits (Fig. S2 ). Once the camera was triggered by movement of each animal, a 10s video was recorded for each visitation. Visitation percentage of animals (rodents, birds or carnivores) to fruit stations was determined according to the videos recorded by the infrared cameras. We also monitored fruit removal by animals from fruit stations for three days according to the record of videos.
Fruit feeding experiments in the lab
We live trapped T. sibiricus, A. peninsulae and C. rufocanus using SJL601 rufocanus were individually collected 6, 24, 30, 48 and 54 hours after feeding respectively. All fecal samples were separately diluted into 100 ml distilled water and filtered through 100 mesh screens. Intact seeds of A. argute and A. kolomikta recovered from each fecal sample and those artificially obtained directly from the intact fruits were washed and stored at 4 C for microscopic observation of seed coat and indoor germination experiments. We also checked how many seeds were consumed and how many intact seeds were defecated by each animal to see the influence of gut passage of the three rodent species.
Microscopic observations of seed coat
To see the effects of ingestion on seed coat structures, each three intact seeds excreted by T. sibiricus (hereafter T-type seed), A. peninsulae (hereafter A-type seed) and C. rufocanus (hereafter C-type seed) were randomly selected for microscopic observations of seed coat for A. argute and A. kolomikta. For comparison, each three seeds from the intact fruits of A. argute and A. kolomikta (hereafter I-type seed) were also chosen for microscopic observations. Microscopic observations of seed coat were D r a f t performed using S-3400N scanning electron microscope (Hitachi, Japan) at the Jiangxi Normal University.
Seed germination
Because seeds excreted by rodents were not enough in A. argute, we only selected 100 seeds of each type (T-type, A-type and I-type) to test gut ingestion on germination of A. kolomikta. For each type, ten seeds were scattered evenly on two layers of moisten filter papers in each of three petri dishes for each species. After cold acclimation at 4 C for two weeks by which seed dormancy was supposed to be broken, all petri dishes were kept at room temperature under 600-800 mol • m -2 • s -1 radiation of fluorescent lamps.
They were regularly watered and randomly arranged in space for germination. Time to germination and seed germination rate were recorded every day for 30 days to see if gut passage of rodents affects seed germination of A. kolomikta.
Ethical statement
In our experiments, animal trapping, handling and behavioral procedures were approved by the Animal Care and Use Committee of Henan University of Science and Technology (No. 20160012) . All research involving animals was conducted according to the Canadian Council on Animal Care (CCAC) guidelines.
Data analyses
Statistical analyses were performed using SPSS Statistics for Windows, version 16.0 (SPSS Inc., Chicago, Ill., USA). General linear model was used to detect the differences in visitation frequency to fruit stations among the captured animal species, followed by a posthoc test. The same procedure was performed to see the differences in the number of excreted seeds and gut passage efficiency between T. sibiricus, A. peninsulae and C. D r a f t rufocanus. Seed germination rates of T-type, A-type, and I-type seeds were compared using one-way ANOVA. Repeated measures test was used to show if fruit removal rate was different between A. argute and A. kolomikta in the field. All proportions were arcsine transformed to achieve normal distribution prior analysis.
Results
Field survey showed that eight animal species visited the fruit stations of A. argute and A. kolomikt (Fig S3, Table 1 ). Rodents T. sibiricus, A. peninsulae and C. rufocanus showed significantly higher level of visitation percentage to fruit stations of both A. argute and A. kolomikta than the other animal species (A. argute: F = 18.935, df = 7, P < 0.001; A. kolomikta: F = 15.098, df = 7, P < 0.001). However, T. sibiricus, A. peninsulae and C. rufocanus showed no difference in the visitation percentage to fruit stations of A.
argute (all P > 0.05). However, A. peninsulae was less likely to visit fruit stations of A. kolomikta than T. sibiricus and C. rufocanus (P = 0.018, P = 0.011). Although several avian species (i.e., Turdus pallidus Gmelin, 1789; Sitta europaea Linnaeus, 1758 and Bonasa bonasia Linnaeus, 1758) consumed fruits at the stations (Fig S3) , they showed very low visitation percentage to the fruit stations (Table 1) 
. Moreover, European badger
Meles meles (Linnaeus, 1758) was recorded to consume fruits of both A. argute and A. kolomikta ( Fig S3, Table 1 ). Within three days, all fruits of A. argute and A. kolomikta were removed from the fruit stations. Repeated measures analysis of variance (rANOVA) showed no significance in the fruit removal rate between the two Actinidia species (F = 0.117, df = 1, P = 0.686).
Our feeding experiments provided further evidence that T. sibiricus, A. peninsulae and C. rufocanus actively consumed fruits of A. argute and A. kolomikta in the lab (Video. D r a f t 11 S1). To our expectation, intact seeds of A. argute and A. kolomikta were recovered from the feces of the three rodent species. Seed retention time of A. argute and A. kolomikta in the guts of the three rodent species can be less than 6 hours, but may also last for more than 50 hours (Fig. 1) . Overall, T. sibiricus and C. rufocanus excreted most intact seeds within 30 hours, while A. peninsulae tended to excrete seeds 30 hours after feeding. T. sibiricus excreted more intact seeds than A. peninsulae and C. rufocanus at individual level (A. argute: F = 3.449, df = 2, P = 0.046; A. kolomikta: F = 8.109, df = 2, P = 0.002) (Fig. 1) . Based on the average amount of seeds in each fruit (Table S1 ), T. sibiricus tended to excrete a larger proportion of intact seeds than A. peninsulae and C. rufocanus per fruit (A. argute: F = 3.449, df = 2, P = 0.046; A. kolomikta: F = 8.109, df = 2, P = 0.002) (Fig. 2) . Gut passage of rodents significantly altered the structures of seed coat of A. argute and A. kolomikta as indicated by the images of scanning electron microscope (Fig. 3) . T. sibiricus appeared to exhibit higher ability to digest the seed coat of A. argute than A. peninsulae and C. rufocanus as shown by the lower edges of the pitfalls on the seed coat (Fig. 3) . Correspondingly, germination rate of T-type seeds was significantly higher than those of A-type and I-type seeds (One-way ANOVA: F = 14.706, df = 2, P = 0.001).
Discussion
Although endozoochory is often found in large mammals and birds (Jaroszewicz et al. 2013; Zhou et al. 2013; Haurez et al. 2015) , our study presented first evidence of Our results indicated that avian species were less likely to visit the fruit stations, possibly due to the facts that the green color of the fruits A. argute and A. kolomikta is not conspicuous to the avian frugivores (Duan and Quan 2013; Duan et al. 2014) . We admitted that fruits were released on the ground rather than attached on the trees in our study, which may underestimate the role of avian species in seed dispersal of A. argute and A. kolomikta. However, fruits on the trees may further impede fruit consumption by D r a f t 13 avian species due to the background of green leaves. Moreover, seed retention time in the guts of T. sibiricus, A. peninsulae and C. rufocanus can reach 6 to 54 hours, which may facilitate long-distance seed dispersal of A. argute and A. kolomikta. Rodents, other than avian species, therefore act as the main fruit predator of A. argute and A. kolomikta. In our study, large-sized red squirrel (Sciurus vulgaris Linnaeus, 1758) was also observed to consume the fruits at the fruit stations, despite its low visitation percentage. Indoor feeding experiments with house-reared S. vulgaris further evidenced that they averagely excreted 23 seeds of A. kolomikta per fruit (data not shown). Although we lack the knowledge of other rodent species (e.g., Petaurista), our study suggests that granivorous rodents may replace avian species and then act as the effective frugivores in seed dispersal of A. argute and A. kolomikta bearing green fruits containing tiny seeds, which has been largely neglected in the study of seed dispersal ecology. Previous studies have shown that badgers play an important role in seed dispersal in subtropical forests of central China (Zhou et al. 2008 (Zhou et al. , 2015 . Large-sized carnivorous mammals such as the European badger could consume large amount of fruits even in one visit. Therefore, we are not able to rule out the role of carnivorous badgers in seed dispersal of A. argute and D r a f t 14 peninsulae and C. rufocanus depends more on mastication than T. sibiricus when feeding the fruits of A. argute and A. kolomikt, possibly because of their small body size and ingestion ability. Moreover, seeds in the feces of T. sibiricus show higher germination rate than those found in the feces of A. peninsulae, further verifying that medium-sized T.
sibiricus are effective seed dispersers of A. argute and A. kolomikta than small-sized A. peninsulae and C. rufocanus. Therefore, body size of small granivores may also play an important role in the seed dispersal effectiveness of the fruit-producing plants. We also admit that whether seed ingestion by dispersers is really advantageous to a plant can only be assessed if we also determine the fate of the ingested seeds under natural conditions, and compare it to the fate of seeds that have not been ingested, which needs further field observations. While frugivores and fruit-producing plant species are worldwide (Barnea et al. 1991; Zhou et al. 2013; Carlo and Morales 2016; Pan et al. 2016; Li et al. 2017) , we first show that granivores rodents appear to replace the role of avian frugivores and then participate in endozoochory of fruit-producing plants in the temperate forests. Our study also highlights the significant role of rodents as frugivores in seed dispersal apart from their ecological function of seed caching. Although scatter-hoarding rodents may act as secondary seed dispersers of frugivore-dispersed trees, more complicated direct mutualism may exist in the interaction between small granivores and fruit-producing plants in forest ecosystems. It has been suggested that effective seed dispersal by fruit mashers is restricted only to plants bearing fruits containing tiny seeds, because larger seeds are spit out by these frugivores while biting and mandibulating fruit pulp (Fleming and Kress 2013; Jordano 2014) . Therefore, our study provides insight into the interaction D r a f t 15 between rodents and other plant species bearing fleshy fruits and tiny seeds in the forests and even agricultural ecosystems (e.g., pokeberry, blueberry, mulberry, mayapple, and mock-strawberry). We suggest that future studies pay more attention to the role of endozoochory of granivorous rodents in seed dispersal and regeneration of plants bearing fleshy fruits containing tiny seeds in the seed dispersal ecology. A-type and C-type seeds of (a) Actinidia kolomikta and (b) Actinidia arguta. I-100 and I-500 refer to I-type seeds with low ( 100) and high ( 500) magnification; T-100 and T-500 refer to T-type seeds with low ( 100) and high ( 500) magnification; A-100 and A-500 refer to A-type seeds with low ( 100) and high ( 500) magnification. C-100 and C-500 refer to C-type seeds with low ( 100) and high ( 500) magnification. Scale bar:
0.25 mm.
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